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INTRODUCTION
UV light in solar radiation is absorbed by nucleobases in DNA and induces photochemical reactions. The major forms of DNA damage by UV radiation are the cis-syn cyclobutane pyrimidine dimer (CPD) 1 and the pyrimidine(6-4)pyrimidone photoproduct ((6-4) photoproduct)
formed between adjacent pyrimidine bases (1) . The formation of these lesions not only induces mutations of genetic information (2) , but also alters the chemical stability of DNA. In the case of the CPD formed at the sequences containing cytosine, the hydrolysis rate of the amino function is much higher than that for the normal cytosine base (3), which results in the C AE T transition (4) (5) (6) . The (6-4) photoproduct was originally identified as a UV-induced alkali-sensitive lesion (7, 8) . Strand breaks occur at the sites of this photoproduct when UV-irradiated DNA is treated with hot alkali, and this procedure has been used to map the (6-4) photoproduct in defined DNA sequences at nucleotide resolution (9) (10) (11) (12) . This alkali lability has also been applied for footprinting experiments to analyze protein-DNA interactions in vivo (13, 14) . While the reactions of other alkali-labile DNA damages, such as the apurinic/apyrimidinic (AP) site (15) and the bleomycin-induced lesion (16) , have been analyzed in detail, the mechanism of the strand break caused at the (6-4) photoproduct by the alkali treatment has not been elucidated so far. The photoproduct is reportedly more mutagenic than the CPD (17) (18) (19) and blocks replication without being bypassed by error-free translesion synthesis, while DNA polymerase h correctly incorporates dATP opposite the CPD formed at the TT sequence (20, 21) . To avoid mutagenesis and carcinogenesis by the (6-4) photoproduct, this damage must be removed by the nucleotide excision repair (NER) pathway in cells (22) (23) (24) . No base excision repair (BER) enzyme is known for the (6-4) photoproduct, but if the photoproduct can be degraded artificially, then this DNA may be repaired by the BER pathway, even in xeroderma pigmentosum patients lacking NER function. For such an application, it is important to characterize the chemical properties of the (6-4) photoproduct.
In this paper we describe the analysis of the alkali degradation of DNA containing the photoproduct, using chemically synthesized oligonucleotides. A relatively stable intermediate before the strand break was found, and its properties were compared with those of other alkalilabile DNA lesions by HPLC analysis. The results suggested that the first step was the hydrolysis between the N3 and C4 positions of the 5' pyrimidine of the photoproduct. The structure of this 6 degradation intermediate was determined by NMR spectroscopy and mass spectrometry. The biochemical properties of DNA containing the hydrolyzed photoproduct are also described.
EXPERIMENTAL PROCEDURES
Oligonucleotides -The building blocks of the (6-4) photoproduct (25) and thymine glycol (26) were synthesized as described previously, and the oligonucleotides shown in Figure 1 were prepared using the nucleoside phosphoramidites for the ultramild DNA synthesis (Glen Research, Sterling, VA). For the DHT 11-mer, 5,6-dihydro-dT-CE phosphoramidite was purchased from Glen Research. For the AP 11-mer, the uracil-containing 11-mer, d(CGTACUCATGC), (7.2 nmol) was incubated with uracil-DNA glycosylase (4 units, New England Biolabs, Beverly, MA) in a buffer (600 µl) containing 20 mM Tris-HCl (pH 8.0), 1 mM EDTA, and 1 mM dithiothreitol at 37°C for 30 min, followed by extraction of the enzyme with phenol/chloroform and desalting on a NAP 10 column (Amersham Biosciences, Piscataway, NJ). The resultant AP 11-mer was purified by HPLC. The HPLC purification of these 11-mers were carried out using a µ-Bondasphere C18 5µm 300Å column (3.9 ¥ 150 mm, Waters, Milford, MA) at a flow rate of 1.0 ml/min, with a linear gradient of acetonitrile (5-13% during 20 min) in 0.1 M triethylammonium 7 acetate (pH 7.0). The preparation and the characterization of the Tg 11-mer are described in Ref.
27.
Alkali treatment -The (6-4) 4-mer (0.30 nmol) and the 11-mers containing each lesion (0.08-0.15 nmol) were dissolved in 50 mM KOH (50 µl), and the mixtures were heated at 60°C
for the designated times (see figure legends) . For the mild alkali treatment, the oligomers were dissolved in 0.1 M sodium phosphate (pH 12, 50 µl), and the solutions were kept at room temperature for 30 min. These solutions were mixed with 50 mM HCl (50 µl) and injected into an HPLC column. HPLC analysis was carried out using an Inertsil ODS-2 column (4.6 ¥ 250 mm, GL Sciences, Tokyo, Japan) at a flow rate of 1.0 ml/min, with a linear gradient of acetonitrile Since the product eluted immediately after the void volume without acetonitrile, the salt was removed by dialysis against water, using a membrane with a molecular weight cutoff of 100. The intact (6-4) photoproduct was prepared by deprotection of the above compound with ammonium hydroxide at room temperature for 2 h. 
Matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry
-The compounds prepared for the NMR study (50 pmol) were dissolved in 10 mM triethylammonium acetate (pH 7.0, 2 µl) and were mixed with a solution (0.7 µl) of 22.5 mg/ml 3-hydroxypicolinic acid and 2.5 mg/ml picolinic acid. The mixtures were placed on the sample plate, and the solvent was allowed to evaporate. Measurements were performed on an Applied
Biosystems Voyager System 4338 mass spectrometer in the negative linear mode. The mass range between 500 and 600 Da was measured with a laser intensity around 2400, and 200 single-shot spectra were averaged to improve the signal-to-noise ratio. The theoretical and observed m/z values for the dinucleoside monophosphate of the intact (6-4) photoproduct were 545.13 and 545.51, respectively.
Binding of XPC-HR23B -The (6-4) photoproduct-containing 30-mer, d(CTCGTCAGCATCT(6-4)TCATCATACAGTCAGTG), (100 pmol) was treated with 50 mM KOH or with water at 60°C for 6 h, desalted using a MicroSpin G-25 column (Amersham Biosciences), and precipitated with ethanol (68 pmol were recovered). The assays were carried out basically as described previously (24) . The reactions (10 µl) contained the 10 duplex (5 fmol), the XPC-HR23B complex (1.3, 6.4, 32, or 160 fmol), 25 mM potassium phosphate (pH 7.5), 10 mM NaCl, 15 mM KCl, 5 mM dithiothreitol, poly(dI·dC) (1 ng), bovine serum albumin (2 µg), and 2.5% glycerol. The mixtures were kept on ice for 15 min, and the protein-DNA complex was separated by electrophoresis on a 4% polyacrylamide gel at 2°C.
Translesion synthesis (TLS) assays -The assays were carried out as described previously 
RESULTS
Design and preparation of oligonucleotides -The oligonucleotides shown in Figure 1 were designed for the alkali degradation experiments. We expected that small changes in the chemical structure of the photoproduct could be detected by using a short oligomer, and the fragments after the strand break could be identified easily by HPLC, using a photodiode array detector, if the nucleotide attached on the 5' side of the photoproduct had a different base moiety from that on the 11 3' side. Therefore, a tetramer, d(GT(6-4)TC), was designed and prepared using the building block of the (6-4) photoproduct (25) . The other oligomers used in this study contained modified nucleosides known as alkali-labile lesions, to compare their properties with those of the (6-4) photoproduct. The AP site, thymine glycol (Tg), and 5,6-dihydrothymine (DHT) were chosen, and relatively longer oligonucleotides, i.e. 11-mers with the same sequence, were used for two reasons. One was that a tetramer could not be the substrate for uracil DNA glycosylase in the preparation of the AP site-containing oligonucleotide, and the other was that relatively long sequences were favorable at the deprotection step in our synthesis of the thymine glycolcontaining oligomers (26) . A dinucleoside monophosphate and a 30-mer containing the (6-4) photoproduct were used for the NMR experiments and the biochemical assays, respectively, as described in the following sections.
Alkali treatment of the (6-4) photoproduct-containing oligonucleotide -To analyze the
alkali degradation of the (6-4) photoproduct, the (6-4) 4-mer was treated with a KOH solution.
After neutralization, the reaction mixtures were injected into a reversed-phase HPLC column, and the elution was monitored using a photodiode array detector. We tested several conditions of the KOH concentration and the reaction temperature, and found that a single compound was 12 produced when this oligomer was incubated with 50 mM KOH at 60°C (Figure 2 ). The (6-4) 4-mer was completely converted to this product in 6 h. The UV absorption spectrum of the product was almost identical to that of the starting tetramer, as shown in Figure 3 . These results indicated that a strand break did not occur in this experiment and that the pyrimidone ring of the photoproduct, which absorbs the long wavelength region of UV, was intact.
Comparison with other lesions -To obtain clues about the chemical structure of the aforementioned product formed by the alkali treatment of the (6-4) photoproduct-containing oligonucleotide, the reaction was compared with the degradation of other alkali-labile lesions.
The AP site, thymine glycol, and DHT were chosen, and the stability of the oligonucleotides containing each lesion was compared under two sets of conditions, 0.1 M sodium phosphate (pH 12) at room temperature and 50 mM KOH at 60°C, although the (6-4) photoproduct was not degraded under the former conditions. The results are shown in Figure 4 . The treatment of the oligonucleotide containing the AP site with 50 mM KOH at 60°C caused a strand break by the band d-elimination reactions (28) , and the strand break occurred even under the mild conditions ( Figure 4A ). The same treatment of the thymine glycol-containing oligonucleotide resulted in the formation of two products, which were not separated thoroughly by HPLC ( Figure 4B ). The hybridized to the complementary oligonucleotide. As shown in Figure 7 , the XPC-HR23B
binding to the partially degraded photoproduct was indistinguishable from that to the intact (6-4) photoproduct. The TLS by human DNA polymerase h was assayed next. The same 30-mer was used as a template, and as primers, 16-, 17-, and 18-mers were used to analyze the nucleotide incorporation opposite the 3' base of the photoproduct, that opposite the 5' base, and the elongation past the lesion, respectively. A small difference was found for the elongation of the 17-mer primer at the lower enzyme concentration, and the efficiency of the TLS for the alkali-treated template was slightly lower in the experiments using the high enzyme concentration. However, the overall results were the same when the two templates were compared (Figure 8 ).
DISCUSSION
It is well-known that the (6-4) photoproduct is labile against alkali. Although this feature has been utilized in biochemical experiments (9) (10) (11) (12) (13) (14) , the mechanism of the alkali degradation of this DNA lesion, or even its stability, has not been elucidated. We expected that if the (6-4) photoproduct could be degraded artificially in cells, then the damaged DNA might be able to be repaired by the BER pathway (29) , while the intact photoproduct is removed by NER (24) . As the first step toward such a study, we have analyzed the alkali degradation of the (6-4) photoproduct.
The first finding in this study was that the treatment of the (6-4) photoproduct-containing oligonucleotide with dilute KOH gave a single product, when the reaction was monitored by HPLC. Since the product obtained in this experiment was further degraded under severe alkaline conditions, like the hot piperidine treatment (data not shown), this product was considered to be an intermediate before the strand break, and we thought that the alkali lability of the (6-4) pyrimidone was intact after the alkali treatment, as shown by the UV absorption spectrum ( Figure   3B ). According to the literatures, the hydrolysis of thymine glycol in a pH 12 buffer at room temperature produces deoxyribosylurea (30) , which is a mixture of the a-and b-anomers, as shown in Figure 1 (31, 32) . Our experiments reproduced these descriptions ( Figure 4B ). Since the alkali treatment of the (6-4) photoproduct-containing oligonucleotide gave a single peak (this was not due to low HPLC resolution, because the short oligomer was used for the photoproduct), the reaction in question could not be the degradation of the 5' pyrimidine ring to urea. On the other hand, it was proposed that the alkali treatment of DHT results in ring opening to ureidoisobutyric acid, as shown in Figure 1 (33, 34) . Although the majority of the DHT was converted to the product by a treatment with 50 mM KOH for only 30 min (Figure 4C ), the reaction for the (6-4) photoproduct was similar to that for DHT. Consequently, this type of ring opening was strongly suggested for the alkali degradation of the (6-4) photoproduct. Figure   5D ), as presumed from the HPLC results.
The formation of this degradation intermediate was dependent upon pH and was observed even when the pH value of the solution was lowered to 9.0 in this study ( Figure 6 ). Although the reaction rate is low, the (6-4) photoproduct produced in DNA may be hydrolyzed to the ringopened form when it is left unrepaired in cells. Therefore, the biochemical properties of this intermediate were determined. As an index of NER, the major pathway for the removal of the (6-4) photoproduct, the binding of the XPC-HR23B complex, which recognizes the DNA damage at the first step of NER, was analyzed using probes containing the intact and hydrolyzed 
